AbstractöVitamin A and its derivatives (retinoids) play important roles in many physiological processes. The recent ¢nding of high levels of cellular retinol-binding protein type 1 immunoreactivity, cellular retinoic acid-binding protein type 1 immunoreactivity and the presence of nuclear retinoid receptors in the central nervous system of adult rodents suggests that retinoids may carry out important roles in the adult brain. In consideration of the role of the hippocampus in spatial learning and memory we evaluated the e¡ect of vitamin A deprivation in adult rats on these functions. Following 12 weeks of vitamin A-free diet, rats were trained to acquire a radial-arm maze task. Results show that this diet induced a severe de¢cit in the spatial learning and memory task. The cognitive impairment was fully restored when vitamin A was replaced in the diet. We also found a signi¢cant decrease in hippocampal acetylcholine release induced by scopolamine, assessed using microdialysis technique, and a reduction in the size of hippocampal nuclei of CA1 region in vitamin-de¢cient rats, compared to rats fed with a vitamin A-su⁄cient diet. These results demonstrate that vitamin A has a critical role in the learning and memory processes linked to a proper hippocampal functioning.
Vitamin A is a fat-soluble substance including retinal, retinyl palmitate and the provitamin A carotenoids. Vitamin A and its derivatives, retinoids, play essential roles during embryogenesis in the development of numerous tissues and thereafter for maintenance of physiological functions such as vision, growth, reproduction, epithelial di¡erentiation, mucus secretion and bone metabolism (Sporn et al., 1994) . It is well known that vitamin A de¢ciency (VAD) causes night blindness, xerophthalmia, skin keratinization, infertility and immunode¢ciency. Cellular e¡ects of vitamin A are mainly elicited by the active metabolite retinoic acid-binding to nuclear receptors. There are two classes of receptors, retinoic acid receptors (RAR) and retinoid X receptors (RXR), with three subtypes of each:, K, L and Q (Mengelsdorf et al., 1994; Petkovich et al., 1987) . RAR are located in the cell nucleus and mediate the activation of speci¢c transcription factors in a model resembling that of steroid/thyroid hormones (Chambom, 1994) . The presence of the two classes of retinoid receptors in the adult brain suggests that vitamin A and its derivatives are involved in gene regulatory events in the CNS (Zetterstrom et al., 1999) . The high level of cellular retinol-binding protein type 1-immunoreactivity (CRBP 1-IR), cellular retinoic acidbinding protein type 1-immunoreactivity (CRABP 1-IR) (Zetterstrom et al., 1994 (Zetterstrom et al., , 1999 and the presence of RARK m-RNA-positive neurons in the hippocampus of adult rodents (Zetterstrom et al., 1999) suggest that retinoic acid is produced in this area and indicate a possible involvement in speci¢c physiological functions. In view of the role of the hippocampus in spatial learning and memory (Eichenbaum et al., 1990) , the presence of high levels of CRBP 1-IR, CRABP 1-IR and of RARK in this brain region of adult rodents suggest that retinoic acid may be implicated in the latter functions.
It has recently been found that transgenic mice lacking receptors for retinoic acid (RARL/RXRQ) have impaired hippocampal long term potentiation (LTP) and long term depression (LTD) (Chiang et al., 1998) . Knockout rodents also display performance de¢cits in spatial learning and memory tasks, thus revealing a novel role of retinoid receptors in the adult CNS. Since hippocampal LTP and LTD are generally believed to constitute a physiological mechanism for learning and memory (Bliss and Collingridge, 1993) , the de¢cits observed are probably due to an impaired CA1 LTP and LTD. Although a link between retinoids and normal hippocampal functions has been demonstrated, nevertheless RARL/RXRQ knockout mice showed no apparent di¡er- ences in morphological and functional synapses in the CA1 region of hippocampus compared to control animals. More recently, mice deprived post-natally of vitamin A, at the age of 12 weeks showed a reduction of hippocampal CA1 LTP and LTD (Misner et al., 2001) . After 15 weeks LTP was greatly reduced, whereas LTD was abolished. In these vitamin A-deprived mice, the synaptic LTP and LTD activity was restored when animals were returned to a diet containing vitamin A. Furthermore, in VAD mice with an impaired LTP and LTD activity, no functional or morphological di¡erences in hippocampal CA1 regions were observed with respect to control mice. However, the hippocampal CA1 region has not been histologically analyzed in all its components, such as, for example, the nuclear size of neurons. Moreover, in this study mice were not tested for their ability to learn a spatial memory task. The cholinergic pathway projecting to the cortex and hippocampus originates from the basal forebrain cholinergic complex (Mesulam et al., 1983) . Hippocampal synaptic e⁄ciency is dependent on the proper functioning of the central cholinergic pathways, speci¢cally the cholinergic septohippocampal pathway, which projects its terminals in the vicinity of the pyramidal (or granular) layer, as well as in various dendritic segments of the hippocampus. Interest in the cholinergic septohippocampal pathway has greatly increased, due to the fact that the activity of this system plays a major role in learning/ memory processes (Fadda et al., , 2000 Fibiger, 1991; Melis et al., 1996; Stancampiano et al., 1999) . Degeneration of the basal forebrain is typically accompanied by impaired cognition and amnesia in humans (Bartus et al., 1982; Collerton, 1986) and animal studies have demonstrated that disruption of the cholinergic nuclei produces learning and memory impairment (Whishaw et al., 1985) . Moreover, hippocampal CA1 cell loss induced by transient cerebral ischemia in adult rats results in persistent impairment of spatial memory (Pappas et al., 1996) . Electrolytically or chemically induced subicular lesions also elicit learning impairment and loss of hippocampal CA1 neurons (Govindaiah Rao et al., 1997) in rats. To assess whether dietary vitamin A is indeed actively involved in higher cognitive function, in the present study we examined the e¡ects elicited in chronic VAD rats on spatial learning and memory tasks, on stimulated acetylcholine (ACh) release in the CA1 region of the hippocampus and on the morphology of CA1 neurons where RAR and RXR are located. Finally, as the present study revealed an impairment of spatial learning in VAD rats, we subsequently replenished the diets of these rats with vitamin A in order to verify whether cognitive de¢cits could be reversed.
EXPERIMENTAL PROCEDURES

Animal preparation
Male Sprague^Dawley rats (Harlan, Italy) weighing 85^100 g were used. Animals were housed at a constant temperature of 22 þ 2 ‡C and 60% relative humidity, on a 12-h light/dark cycle (lights on at 7:00 a.m.), food and water available ad libitum. All experimental protocols were applied in strict accordance with international guidelines regulating the use of animals for scienti¢c purposes.
One group of 20 rats received the diet lacking vitamin A (VAD), a second group (10 rats) was fed with standard laboratory chow (controls).
The vitamin A-free diet (Lab. Piccioni, Segrate, Italy) was composed as follows (for 100 g of food, dry weight): casein vitamin-free, 18%; sucrose plus maize starch, 68.4%; cellulose, 2%; hydrogenated coconut oil, 4.6%; Hegsted salt, 4.8%; yeast, 2%; plus a vitamin integration lacking vitamin A, 0.2%. The weight of the animals was monitored during the experimental period. Following 12 weeks of vitamin A-free diet, on appearance of the ¢rst symptoms of VAD, 10 rats were fed using the diet reported above with an additional supplement of vitamin A (15 000 U.I./kg diet), starting three days before the behavioral test and for the entire duration of the period of training in the radial maze.
Radial-arm maze task
Three days before the behavioral test, rats were fasted for 23 h/day to maintain 80% of normal body weight; water was available ad libitum throughout all experiments.
All rats were trained to master a food-reinforced radial-arm maze task using the eight-arm maze. The apparatus consisted of a 60-cm elevated eight-arm radial maze made of black plexiglass. The eight arms (60 cmU10 cm) extended from an octagonal central arena (start point) and had a food cup placed in their £oor extremity. The orientation of the maze in the room was kept constant throughout the entire experiment and the walls were furnished with clearly de¢ned extra-maze cues. The experiment was performed in a sound-attenuated and well illuminated room. After three days, during which rats were allowed to visit and explore the arms for 10 min while food (sugar pellets) was placed throughout the maze (pre-training), training commenced.
Training consisted of two daily trials. In the ¢rst trial, each rat was individually placed on the starting platform and allowed to visit only four selected arms, baited with food located in the cup at the end of the arm. The entrances of the four unbaited arms were blocked by a removable guillotine door. After a rat had visited all baited arms, it was removed from the maze and returned to its waiting cage. During the second trial, all eight radial arms were opened and animals were required to visit each of the four rebaited arms once. After the training session each rat was removed and returned to its home cage. Records were kept of the arms entered and the order of entry. A trial was considered as having been correctly performed when the animal had entered only the four baited arms and each arm was visited only once. Entry into an unbaited arm, re-entry into a previously visited arm, was scored as an error. Animals were trained for 15 days.
Data obtained were analyzed using two-way analysis of variance (ANOVA) for repeated measures, followed by the Fisher post-hoc test.
Surgery and microdialysis procedure
Subsequent to the behavioral test six controls and six VAD rats were randomly selected for the microdialysis experiments. Control and VAD rats were anaesthetized with pentobarbital (50 mg/kg i.p.) and mounted in a stereotaxic frame (David Kopf Instrument, USA). Using a standard stereotaxic procedure a microdialysis probe was surgically implanted in the hippocampus (A 34.8; V 38.5; L +4.8) according to the atlas of Paxinos and Watson (1986) . After surgery, the dialysis probe was continuously perfused at a rate of 0.5 Wl/min with Ringer's solution containing: (mM) KCl 3, NaCl 145, CaCl 2 1.3, MgCl 2 1, in aqueous phosphate bu¡er, pH 7.3. Two days following surgery, the £ow rate was set to 1.8 Wl/min and the acetylcholinesterase inhibitor neostigmine bromide (1 WM) was added to Ringer's solution. After approximately 60 min of stabilization (three consecutive samples with 6 10% di¡erence), 10-min fractions were collected for the determination of baseline levels of ACh. Following collection of the three samples, the non-selective muscarinic antagonist scopolamine (1 WM) was added to the perfusion solution and ACh was collected for another 60 min. Dialysate samples were injected directly into a high-performance liquid chromatography with electrochemical detection (Damsma et al., 1985) . All chemicals were of high purity grade (Sigma, St. Louis, MO, USA). Data were analyzed by means of two-way ANOVA for repeated measurements and Fisher post-hoc tests when needed.
Histology and nuclear measurements
Three VAD and three matched control rats were anaesthetized with pentobarbital (50 mg/kg i.p.) and perfused through the heart with 4% paraformaldehyde in 0.1 M phosphate bu¡er, pH 7.2 (Fluka, Basel, Switzerland). The brains were rapidly dissected and left in the same ¢xative for three additional hours. Brains were processed with standard histological methods consisting of alcoholic dehydration (60P in 70% ethanol, 40P in 80%, 60P in 95%, 60P in 100%, 40P in 100%, 60P in xilene, 40% in xilene) (Sigma) and para⁄n embedding (Carlo Erba, Milan, Italy). Seven-Wm thick coronal sections were taken from the brain region comprised between the stereotaxic reference distances of 3.3 and 3.8 mm from the bregma (Paxinos and Watson, 1986) and stained with Cresyl Violet (ICN, Irvine, KY, USA). For each rat, two sections cut 70 Wm apart were used for analysis. From each section, the entire CA1 region of both cerebral hemispheres was photographed at the nominal resolution of 0.27 Wm/pixel with a CCD camera (Sensicam, PCO, Germany) mounted on a Zeiss Axioskop microscope (Zeiss, Germany) using a 25U objective. Nuclear areas were measured only from equatorial sections, recognizable from their larger size and the higher contrast of the peripheral chromatin. Two hundred nuclei were measured for each rat. Quantitative measurements were performed with Image Pro Plus (Media Cybernetics, Silver Spring, MD, USA). No attempts were made to calculate true 3D nuclear volumes by means of stereological equations. The data were analyzed by means of Student's t-test. Figure 1 shows the e¡ect of 12 weeks of food consumption in VAD and control rats. VAD rats showed a signi¢cant reduction in body weight growth with respect to control rats (P 6 0.0001, by ANOVA). The average di¡erence between body weights of the two groups, calculated from the vertical shift of the log^lin-earized growth curves, was 43.42 þ 8.52 g (mean þ S.D.). Figure 2 shows the number of errors made in the radial maze in VAD, controls, and VAD-replenished rats. Performance improved in all three groups of rats during the 15-day training period, but the total number of errors, in both controls and VAD-replenished rats, decreased signi¢cantly with respect to VAD rats. Twoway ANOVA indicated a signi¢cant di¡erence between groups (F 2;27 = 12.08, P = 0.0002), a decreased number of total errors from day 1 to day 15 in the three groups (F 14;378 = 64.32, P 6 0.0001), and a signi¢cant interaction between groups and days (F 28;378 = 2.13, P = 0.0009). Figure 3 shows a separate analysis of the two types of errors involved in trial 2. Regarding the re-entries in baited arms (Fig. 3B ) and entries in unbaited arms (Fig. 3C) , two-way ANOVA indicated that the di¡erence of the errors and the e¡ect of days were both statistically signi¢cant (P 6 0.0001). The e¡ect of days was also signi¢-cant in the re-entries in baited arms in trial 1 (P 6 0.0001) (Fig. 3A) , while no signi¢cant di¡erences were found in the number of errors. The type of treatment provided had no signi¢cant e¡ect on any of the monitored items. The performance in the radial maze was not associated with motor, motivational, or perception change, but rather it a¡ected spatial memory. Indeed, the run time spent in the four baited arms during the ¢rst trial, in the 6th session, did not di¡er signi¢-cantly in VAD, VAD-replenished and control rats, 63 þ 9, 69 þ 11 and 65 þ 10 respectively, remaining so also throughout the following sessions. Motivation for food reward was the same for the three groups of animals, all rats consuming the entire quantity of food available both during the pre-test and in the ¢rst trial. Moreover, at the time of the behavioral test, VAD rats displayed day-vision capabilities during the memory task in the well illuminated room. The vision capabilities of VAD rats have been deduced by the run time spent dur- Fig. 1 . E¡ect of 12 weeks consumption of VAD on body weight. Each point is the mean þ S.E.M. of 10 rats. Control and VAD rat weights are statistically signi¢cant (P 6 0.0001, by ANOVA) with an average di¡erence of 43.42 g. Fig. 2 . Radial-arm maze performance in control, VAD and VAD dietary-replenished rats. Entry into unbaited arm, re-entry into previously visited baited arm, or entry into an arm but failure to consume the food reward was scored as an error. Each point represents the mean þ S.E.M. of 10 rats. The average di¡erence between control and VAD rats is statistically signi¢cant (P 6 0.0001, by two-way ANOVA). *Signi¢cant changes detected in pair-wise comparisons between control and VAD rats on corresponding days (P 6 0.05, by Fisher post-hoc test).
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Vitamin A and spatial learning 477 ing the ¢rst trial and by the fact that VAD animals, similarly to controls, were quick and precise in entering the arms. Figure 4 reports the e¡ect of perfusion in the dialysis probe with the non-selective muscarinic antagonist scopolamine on in vivo release from the hippocampus of VAD and control rats. Perfusion of the dialysis probe with 1 WM was followed by an increase of ACh release from the hippocampus of control and VAD rats. The average increase over baseline was 242% in control rats versus 160% in VAD rats (P 6 0.0001, by two-way ANOVA). However, basal release did not di¡er signi¢-cantly between the two experimental groups.
Basal and stimulated ACh release
Histological analysis of hippocampal CA1 region
A reduction in size of nuclei of CA1 neurons of VAD rats was evidenced by observation of histological sections (Fig. 5) . Morphometric values are shown in Table 1 . On average, nuclear areas of VAD rats were 70% smaller than those of control rats (P 6 0.000001, by t-test). This change, in 3D terms, accounts for a 59% reduction of the nuclear volume. However, all pair-wise comparisons by post-hoc tests were statistically signi¢cant, not only between rats of the two experimental groups, but also between rats of the same group. This ¢nding supports the hypothesis that, in addition to the conspicuous changes induced by vitamin A deprivation, the nuclear size is a morphological attribute regulated at an individual level.
It was impossible to ascertain directly whether the apparent decrease of the average nuclear size of VAD rats was due to the loss of the neurons with the largest nuclei or to a process of chromatin condensation a¡ecting the whole population of neurons. However, the absence of signs of necrosis or apoptosis, the homogeneous shift of frequency histograms (Fig. 6 ) and the congruence of the variation coe⁄cients (mean/standard deviation ratios) support the second hypothesis. Thus, vitamin A deprivation, at least under our experimental conditions, does not appear to imply an irreversible rarefaction of the neuronal population.
Fig. 3. Re-entries into baited arms on trial 1 (panel A) and 2 (panel C), and entries into unbaited arms during trial 2 (panel B).
Rats were the same reported as in the legend of Fig. 2 . In trial 2 the di¡erence of the errors and the e¡ect of days were statistically signi¢cant (P 6 0.0001, by ANOVA) for the two types of errors. During trial 1 the e¡ect of days was also signi¢cant in the reentries into baited arms during trial 1 (P 6 0.0001), while no signi¢cant di¡erences were found between the above groups with respect to errors. Controls versus VAD rats, P 6 0.000001, by t-test. Post-hoc tests for pair-wise comparisons among the six rats, all statistically signi¢cant.
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DISCUSSION
Results obtained in the present study show that after 12 weeks rats fed with a diet lacking in vitamin A showed clear signs of VAD, such as damaged conjunctival epithelium, loss of body fats and a reduction in body weight growth with respect to control rats. Furthermore, VAD rats displayed impairment in spatial learning. Controls and VAD rats restored to a vitamin A-containing diet learned to choose the correct arm in the radial-arm maze within the 15-day training period, whereas VAD rats exhibited performance de¢cits in learning the task. The radial-arm maze task used is a spatial learning task that requires a proper hippocampal functioning (Barnes, 1988) . Our ¢nding shows that vitamin A plays an important role in higher cognitive functions and suggests a possible link between this vitamin and normal hippocampal functioning. Analyses of hippocampal morphology and function revealed di¡erences between VAD and control rats. Indeed, the VAD animals showed impaired hippocampal cholinergic neurotransmission and a conspicuous reduction in the size of Fig. 5 . Representative images of the hippocampal CA1 region of control and VAD rats. A conspicuous reduction of the size of neuronal nuclei is evident in VAD rats. To facilitate the comparison, some nuclear pro¢les are ¢lled in white. Insets show the relative frequency distribution of the nuclear areas calculated from the two images. Relevant statistical data are reported in Table 1 . Fig. 6 . Nuclear areas of CA1 neurons found in control and VAD rats. As compared to controls, VAD data show a leftward shift in location (average) but maintain approximately the same dispersion (variance). This allows one to consider the change as due to a generalized reduction of the whole nuclear population rather than to a selective loss, by cell death, of the largest nuclei.
Vitamin A and spatial learning 479 the nuclei in CA1 regions of the hippocampus relative to control rats. The fact that replacement of vitamin A in the diet determines a full restoration of spatial learning performance demonstrates that this vitamin plays a key role in the cognitive functions linked to hippocampal formation. In a previous study, it has been shown that transgenic mice lacking retinoid receptor subunits (RARL and RXRQ) exhibited impaired hippocampal LTP and LTD and performance de¢cits in the Morris water maze (Chiang et al., 1998) . While RARL and RARL/RXRQde¢cient mice have a nearly complete impairment of LTP and LTD, RXRQ null mice exhibit impaired LTD but not LTP. Since RXRQ mice were not compromised in water-maze learning, the authors suggested that LTD may not be essential for memory and learning processes (Chiang et al., 1998) . Since hippocampal LTP and LTD are a form of activity-dependent synaptic plasticity proposed to underlie learning and memory (Bliss and Collingridge, 1993) , the de¢cits observed in our rats might be due to an impaired CA1 LTP and LTD. Recently, in an attempt to verify whether vitamin A plays a role in hippocampal plasticity, Misner et al. (2001) deprived mice post-natally of vitamin A. Hippocampal slices obtained from these mice at the age of 12 weeks were characterized by an impaired LTP and LTD. LTD in VAD mice was seen to be almost completely absent throughout their entire lifetime, whereas LTP was reduced by about 50%. It has been suggested that endogenous compounds are able to partially substitute for retinoids to promote partial RAR function (see Misner et al., 2001 ). LTP and LTD was completely restored in VAD mice when they were fed with a diet containing vitamin A. Moreover, this study reported that retinoic acid is synthesized in the hippocampus. However, similarly to ¢ndings reported in transgenic mice (Chiang et al., 1998) , in VAD animals the hippocampal morphology did not appear to di¡er with respect to controls. In VAD rats overall hippocampal structure was also maintained, but when we measured the nuclear size in the CA1 region a considerably signi¢cant di¡er-ence was obtained.
In a recent work, using in situ hybridization to localize mRNA species encoding RAR receptors, it has been found that RARK was expressed in the hippocampus and cortex, whereas RARL could not be detected in the hippocampus of adult mouse and rat (Zetterstrom et al., 1999) . RARL and RXRQ are highly expressed in the dopamine-innervated areas such as caudate nucleusp utamen, nucleus accumbens and olfactory tubercle (Zetterstrom et al., 1999) . In this regard, it is noteworthy that RARL and RARL/Q knockout mice were severely impaired in motor coordination as well as diminished release of dopamine in response to cocaine (Krezel et al., 1998) . RARL and RARL/Q knockout mice, like VAD mice, have impaired LTP and LTD, but showed neither morphological nor functional di¡erences in the CA1 region of hippocampus when compared to control mice. All mutant mice have structurally and functionally normal hippocampal synapses; in addition, both control and mutant mice exhibit functional equivalence of NMDA receptors in the hippocampus. Thus, the e¡ect of the lack of RARL^RARL/Q in mice on LTP and LTD remains obscure. The induction of LTP appears to be mediated by glutamate acting on AMPA and then on NMDA receptors. However, a role of dopamine in modulating hippocampal synaptic plasticity has been demonstrated (Kusuki et al., 1997; Otmakhova and Lisman, 1998) and it is possible that the dysfunction of dopaminergic transmission found in the RARL^RARL/Q transgenic mice may be relevant in the impairment of LTP. Additionally, cholinergic stimulation in the hippocampus in£uences the induction of LTP (Jerusalinsky et al., 1997) . This e¡ect is mediated by a postsynaptic M2 receptor and shares several properties with the tetanic LTP (Segal and Auerbach, 1997) . Cholinergic pathways may act synergistically with glutamatergic transmission, regulating and leading to synaptic plasticity. Our results show that cholinergic neurotransmission was impaired in hippocampal VAD rats. Although the basal release of ACh in the two groups of rats did not di¡er signi¢cantly, scopolamine-induced stimulation of ACh release, due to a blockade of muscarinic autoreceptors (Baghdoyan et al., 1998) , was signi¢cantly lower in VAD rats.
It has been observed that learning causes an increased choline acetyltransferase (ChAT) synthesis (Oh et al., 1996; Park et al., 1992) and ACh release (Fadda et al., 2000) . As suggested by Collier et al. (1993) , ChAT concentration plays a key role in regulating ACh release. Since all-trans-retinoic acid increased both ChAT and vesicular ACh transporter in murine septal cell line (Berse and Blusztajn, 1995) , the lack of vitamin A in our rats should prevent the increase of ChAT synthesis and the consequent ACh hippocampal release (see Fadda et al., 2000) during memory performance as well as the increase of ACh release induced by scopolamine (i.e. when cholinergic neurons are stimulated). On the other hand, the fact that basal release did not di¡er between control and VAD rats suggests that ChAT synthesis is su⁄cient in this condition (i.e. when release is not stimulated). A diminished ACh release during memory tests may cause a reduction of hippocampal synaptic e⁄-ciency. Moreover, it has been suggested that septohippocampal cholinergic neurons also play a crucial role in morphological changes and memory encoding in the hippocampus (Woolf, 1996) . For example, coactivation of muscarinic ACh receptors and NMDA receptors increases protein synthesis in hippocampal CA1 pyramidal cell dendrites (Feig and Lipton, 1993) ; the latter may be important in producing permanent morphological changes, such as increased number of synapses or dendritic spines observed following spatial learning (Moser et al., 1994) .
Histological examination and quantitative measurements show that the size of nuclei of hippocampal CA1 neurons is signi¢cantly reduced in VAD rats. An analogous decrease of nuclear size has recently been found in hippocampal CA3 neurons of developing rats fed with a thiamine-de¢cient diet or ethanol (Ba et al., 1999) . However, the authors of the above-reported investigation did not correlate histological changes with physiological and/ or behavioral data. Interestingly, thiamine-de¢cient diet and/or ethanol produces learning and memory dysfunction in laboratory animals and humans (Fadda and Rossetti, 1998) . Our ¢ndings are in agreement with several lines of experimental evidence: (1) the high level of CRBP 1-IR in the dendritic layers of the hippocampal formations and dentate gyrus in the adult rat CNS (Zetterstrom et al., 1994) ; (2) the presence of RARK m-RNA-positive neurons in rat hippocampus of adult rats (Zetterstrom et al., 1999) ; (3) the decreased RNA synthesis in retinol-de¢cient animals, correlated with a decreased number of chromatin sites accessible to RNA polymerase II (Porter et al., 1986) . The last point is paralleled by the evidence of a correlation between nuclear size and DNA template activity of neurons, as a result of the di¡erent proportion of the dispersed chromatin (i.e. euchromatin) which characterizes neurons of di¡erent sizes (Sato et al., 1994 ). An increase in nuclear size is also evident during ontogenesis, structurally correlated with development of the dendritic processes (Diaz and Diana, 1992) . Thus, it may reasonably be assumed that the decrease in the nuclear size of CA1 neurons of VAD rats is accompanied by a reduction of the transcriptional activity for the activation of target genes encoding key proteins involved in synaptic plasticity in CA1 neurons.
Our results demonstrate an important role of vitamin A in spatial learning and memory function and suggest that the de¢cit in learning and memory observed in VAD rats may be due both to an impaired cholinergic transmission and to a damaged structure of CA1 neurons. In addition, since VAD rats might have other cognitive dysfunctions, we cannot exclude an impairment in nonspatial learning performance. Further examination of discrete brain areas in conjunction with additional functional tests is required to better understand the e¡ect of vitamin A on learning and memory.
VAD persists as a problem of signi¢cant public health concern in many southern and eastern regions of the world (WHO, 1995) (i.e. in South and East Asia and in many parts of Africa and Latin America) and is associated with serious increases in morbidity and mortality (Rahmathullah et al., 1990; Sommmer et al., 1983) . The World Health Organization estimates that approximately 250 million preschool-age children have moderate-tosevere VAD (WHO, 1995) . Serious health problems, such as growth defects, xerophthalmia and keratomalacia occur in these children (Sommer, 1982) . Blindness occurs annually in approximately half a million children, 50% of whom face death (Sommer, 1982) . However, in the very poor populations severe visual impairment is frequently associated with proteic^caloric and Zn-de¢-ciency malnutrition (Sommmer et al., 1983; Udomkesmalee et al., 1992) . In this serious health condition, caused by a lack of various nutrients, the assigning of a speci¢c role of vitamin A to learning and memory has probably proved somewhat di⁄cult.
